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Abstract 
 
 The Mismatch negativity (MMN) response measures the auditory system’s 
response to change in stimulus.  This measurement can be used to identify if the auditory 
system can physiologically discriminate two speech sounds.  To date, studies that have 
recorded MMNs in response to differing place of articulation show conflicting data.  One 
possibility for the conflicting results is due to the lack of carefully controlled stimuli.  
The purpose of this study was to evaluate the differences in amplitude and latency 
between adult and infant MMN responses when manipulating place of articulation for 
speech.  Additionally, this study sought to determine if all adults showed presence of 
significant MMN responses along the midline electrodes, and if all infants showed 
presence of significant MMN responses along the lateral electrodes.   
 The null hypotheses under test were that there would be (1) no difference between 
adult and infant MMN amplitudes and (2) no difference between adult and infant MMN 
latencies.  In addition, two expected hypotheses were that (1) all adults would have robust 
MMN responses along the midline electrodes, and (2) all infants would have robust 
MMN responses along the lateral electrodes.  
 Six normal hearing adults ages 21-24, and six normal hearing infants ages 10.5 +  1 
week were recruited for the study.  The MMN was analyzed at 6 electrode sites; Fz, Cz, 
C3, C4, T7, T8.  A total of 800 trials were presented.  The standard /di/ was presented 
with 80% probability, and the deviant /gi/ with 20%.  
 Four of six adults, and four of six infants had significant MMN responses.  Neither 
mean latency, nor mean amplitude differed significantly between the adult and infant 
groups. Four adults showed significant responses at the midline electrodes, and three 
  ix 
infants showed significance at the lateral electrodes.  Findings of this study confirmed the 
high variability and discrepancies described throughout the literature.  While the MMN 
response shows great potential for clinical use, concise analysis technique, consistent 
normative values, and ability to decrease the high variability in the response must first be 
developed.  
Chapter 1 
 
INTRODUCTION 
 
An auditory evoked potential (AEP) is an electrical voltage potential that is 
recorded within the auditory system via an acoustic stimuli, and is time-locked to that 
acoustic event or stimulus (Hall, 2007).  The acoustic stimuli is typically transmitted 
binaurally through ER-3A inserts, and recorded through the use of cephalic electrodes. 
AEPs have been widely studied since the 1930s to investigate   how the auditory system 
processes sound.  AEPs are classified as exogenous or endogenous responses. Exogenous 
responses are the most commonly recorded AEPs, and are used to measure and estimate 
audiometric functioning.  Exogenous responses rely on changes in stimulus parameters, 
and are independent of the subject’s state of attention.  Thus, recorded responses are 
unaffected if the subject is awake or asleep, attending or not attending to the sound.  
However, these responses can be drastically affected if parameters such as intensity, rate, 
and frequency are manipulated.  Responses that are classified as exogenous include the 
Electrocochleography (EcochG), Auditory Middle Latency Response (AMLR) and 
Auditory Brainstem Response (ABR) (Hall, 2007). 
Conversely, endogenous responses, often referred to as event-related potentials 
(ERPS), are less reliant on stimulus parameters, however, extremely dependent on state 
of attention.  Because of this, the patient’s state of attention and level of consciousness 
directly affects the response, while parameter manipulation causes minimal changes.  
ERPs are electrical voltage potentials that are time-locked to an acoustic event.  AEPs are 
obtained when the event is the presentation of a steady acoustic stimulus.  ERPs are 
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elicited by some type of change in the acoustic environment such as the omission of a 
stimulus, or presentation of a new stimulus.  ERPs include the N100, P100, and P300 
(Hall, 2007). ERPs are used to assess central nervous system (CNS) disorders, and higher 
cortical functioning such as speech processing (Hall, 2007). 
While determining how the brain processes speech is a difficult measure to 
obtain, ERPs enable the physiologic measurement of the auditory system’s response to 
speech in adults and infants, often in the absence of subject participation.  One ERP that 
has great potential in measuring whether the auditory system can physiologically 
discriminate two speech sounds is the mismatch negativity response (MMN).   
Similar to the P300, the MMN is recorded using an oddball paradigm, where a 
deviant or “oddball” acoustic stimulus is presented among a continuous stream of a 
standard stimulus.  One significant difference between the two ERPs, however, is the 
dependence on patient state of attention.  While the P300 requires the subject to attend to 
the sound, the MMN does not.  The MMN is recorded while the subject passively listens 
to the stimulus.  The MMN presents as a negative peak that is representative of a 
physiologic discrimination between two differing sounds (Duncan et al., 2009).  
The primary purpose of the current study is to verify the presence of the MMN in 
adults, and determine if infants show evidence of the MMN when manipulating the place 
of articulation for speech sounds. It is expected that the MMN will be recorded in both 
adults and infants in response to place of articulation differences.  A secondary purpose 
of the current study is to evaluate the differences between adult and infant MMNs.  
Significant differences in amplitude, latency, and orientation of the response are 
expected.  The amplitude is expected to be smaller, and the latency longer for infants 
!
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compared to adults.  In addition, the response is expected to be most robust for adults 
along the midline electrodes, and for infants along the lateral electrodes.   
 
 
 
 
 
 
 
 
 
 
 
Chapter 2 
REVIEW OF LITERATURE 
I. MMN History and Perspective: 
As previously stated, the MMN is an ERP which can be used to determine if the 
auditory system can physiologically discriminate two speech sounds by enabling the 
physiologic measurement of the auditory system’s response to changes in speech stimuli.  
The MMN is a cortical potential (Pettigrew et al, 2004; Duncan et al., 2009) that presents 
as a negative waveform in response to changes in the acoustic environment. Through the 
use of the oddball paradigm, at each electrode location, two waveforms are recorded.  
One waveform represents the response to the standard stimulus, and the other waveform 
represents the response to the deviant stimulus.  As depicted in figure 1-1, the standard 
waveform response is then subtracted from the deviant waveform response, and what 
remains is the MMN (Duncan et al., 2009).  
Figure 1-1. Illustrative example of a Mismatch Negativity (MMN) Response. 
 (Hall, 2007). 
!
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 The MMN was discovered in the mid-1970s by Risto Naatanen and colleagues 
during various experiments involving the P300 response.  During these experiments, the 
subjects were asked to not attend to the stimuli, resulting in the production of the MMN 
response.  Since this discovery, hundreds of researchers have elicited the MMN response 
using various stimulus parameters (Hall, 2007).  Parameters typically used for the MMN 
are summarized below in table 1-1.  The most successful responses have been recorded 
when frequency of occurrence for the standard stimulus ranges from 80-90%, and 
frequency of occurrence for the deviant is 10-20% (Duncan et al., 2009).  
Other parameters include a 600 ms time analysis window with a 100 ms 
prestimulus time, modest intensity level of 80 dB SPL, online band pass filter of 0.1-30 
Hz, and offline filter 1-20 Hz.  Stimuli can be tone burst, complex tone, speech stimulus, 
or even music (Hall, 2007).  The polarity of the signal does not have a significant effect 
on the response and therefore, rarefaction or alternating polarity can be used (Hall, 2007).  
Lastly, the interstimulus level (ISI) is recommended to be set between 500-1000 ms. 
Table 1-1. Typical parameters used to elicit the MMN. 
Standard MMN Parameters 
Electrode Array Non-inverting: Fz, Cz, C3, 
C4 
Inverting: A1, A2 
Ground: Fpz 
Window 600 msec 
Prestimulus Time  100 msec 
Filter (online) .1-30 Hz 
Filter (offline) 1-20 Hz 
Type Tone burst (low 
!
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frequency), speech, music, 
complex tone 
Interstimulus Interval 
(ISI) 
500-1000ms 
Intensity 80 dB SPL 
Standard Any tone burst, complex 
tone, speech stimulus or 
music 
Deviant Same as above, but must 
differ acoustically from 
standard stimuli.  
Frequency of 
Occurrence 
Standard: 80% 
Deviant: 20% 
Polarity Rarefaction/ alternating 
 
  (Adapted from Hall, 2007 and Duncan et al., 2009). 
 The MMN has been identified as one of the earliest event-related potentials, and 
possibly the first discriminative response to develop in humans (Naatanen, 2003; Cheour, 
2007, Cheour-Luhtanen et al., 1996). It has been successfully recorded in infants, 
children and adults using various stimuli including pure tones, complex tones and speech. 
The MMN is believed to arise from a memory trace formed in the brain while 
listening to the standard stimulus. When a deviant stimulus is introduced, a mismatch 
between the standard memory trace and the deviant stimulus generates a mismatch 
response (Naatanen, 2003).  Similar to other late cortical potentials such as the ALR and 
the P300, the MMN is highly susceptible to subject characteristics such as age, state of 
arousal (sleep), and state of attention.   
!
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Unlike the P300, the MMN can be recorded in infants due the response being pre-
attentive ( Näätänen, 1992; Ritter, Deacon, Gomes, Javitt, &Vaughan, 1995; Näätänen, 
Gaillard, & Mäntysalo, 1978; Picton, Alain, Otten, Ritter, & Achim, 2000).  When 
recording the MMN, the subject is asked to not attend to the sound.  By not attending to 
the sound, the largest responses are recorded (Tampas, Harkrider & Hedrick, 2005).  It 
has been reported that attending to the stimulus results in diminished MMN amplitudes 
(Arnott & Alain, 2002; Muller et al. 2002).  This has been found specifically when 
manipulating intensity (Naatanen et al., 1993; Sussman et al. 2003).  
Since the MMN reflects a physiologic response to acoustic differences in the 
environment, a change such as intensity, duration, frequency or location must occur to 
elicit the MMN (Sharma, Kraus, & Nicol, 1992).  This response has been recorded with 
extremely minimal acoustic changes in frequency, such as 8 Hz, and very small changes 
in intensity, such as 5 dB (Kraus, McGee, Sharma, Carrell, & Nicol, 1992).  However, 
the larger the difference between the standard and the deviant, the larger the amplitude of 
the MMN response is.  Due to maturational changes that occur in the neural system, the 
MMN response differs significantly between infancy and adulthood (Pang et al., 1998; 
Morr, Shafer, Kreuzer, & Kurtzberg, 2002).  These differences include amplitude, 
latency, morphology, and orientation of the response due to changes in the MMN 
generator site.        
II. MMN in Adults: 
Normative data for the amplitude of the MMN as well as the latency is extremely 
variable in the literature.  The amplitude has been reported to range from .1-2 !Volts 
!
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(Hall, 2007) or .5-5!Volts in adults (Duncan, et al., 2009).  The normative latency range 
also varies considerably within the literature.  Normative latency ranges have been 
reported as 100-250ms (Duncan, et al., 2009; Pang et al., 1998; Cheour, 2007), 100-
300ms (Hall, 2007), 150-250ms (Morr et al., 2002), and 150-200ms (Leppanen et al., 
2004).  It is apparent that there is no consensus on what is considered normal for the adult 
MMN latency or amplitude. 
  The presence of the MMN response is most often determined through visual 
inspection of the largest negative peak within the given time window, although multiple 
methods have been suggested.  The various ways of determining the presence of the 
MMN will be further discussed in the section ‘Controversy in the literature:  
Reproducibility of the MMN.’ 
Maturational changes that occur in the neural system cause the MMN response to 
be fronto-centrally dominated in adults (Duncan, et al., 2009).  As the response is 
recorded more laterally, the amplitude of the MMN is significantly diminished.  When 
recording the MMN on adults, electrodes sites that are strongly recommended include Fz, 
Cz, C3, C4 (Duncan et al., 2009). 
 III. MMN in Infants: 
Similar to the adult data, infant normative data is also highly variable within the 
literature.  It has been suggested that the amplitude of the MMN is smaller in infants, and 
as age increases, amplitude of the response also increases (Hall, 2007).  However, 
conflicting findings are reported throughout the literature. 
!
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For example, it is often reported that infant latencies are longer in comparison to 
adult latencies, peaking slightly later between 100-300ms(Duncan, et al., 2009; Pettigrew 
et. al, 2004; Cheour, 2007).  In some infant studies, the MMN has even been recorded as 
a positive peak occurring around 300-400ms (Cheour, 2007).  It has also been reported 
that as age increases, latency decreases.  However, the findings in the literature are highly 
conflicting and inconsistent. 
 In newborn infants, the MMN has been reported to present as a negative peak at 
270-300ms (Leppannen et al, 2004), and sometimes as positive response peaking 300-
400ms (Cheour, 2007).  This polarity inversion allows the mismatch negativity response 
to present as a positive waveform in some infants, rather than displaying as a classic 
negative peak.  As the result of presenting as a positive peak, the MMN could potentially 
be more appropriately called a mismatch positivity response (MMP) in some infants.   
In one study, premature infants, newborn infants, and 3-month-old infants all 
presented with a negative peak from 200-250ms (Kushnerenko et al., 2002).  Pang et. al, 
2004, reported a MMN in 8-month-old infants that occurred 200-250ms.  Lastly, school 
aged children are reported to have MMN responses from 200-400ms (Cheour et al., 
2000), or 150- 300ms (Korpilahti et al., 2001).  As age increases from infancy to school 
age, it has been reported that latency decreases from approximately 241ms to 207ms.  
Between 4-11 years of age, the latency of the MMN decreases approximately 11ms per 
year when evoked by speech sounds (Hall, 2007).  Importantly, there is no consensus on 
the latency of the MMN in infants.  
!
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The orientation of the MMN has a much broader scalp distribution in infants, 
(Cheour, 2007) with the most robust responses recorded centro-parietally (Morr et al., 
2002).  Poor responses are obtained when recording at or around the midline in infants 
(Pang et al., 1998). Based on the generator site of the response, electrodes sites that are 
strongly recommended for infants include Fz, Cz, C3, C4 (Duncan et al., 2009).  
Additionally, the parietal electrode sites T7 and T8 are often used in infants.  
IV. Potential uses of the MMN: 
 Since its discovery over 20 years ago, the potential of the MMN has been 
increasingly discussed and investigated.  Due to the unreliable and inconsistent results 
among patients, and lack of standard parameters, the MMN is still in its early stages of 
clinical application (Duncan et al., 2009).  The MMN has many prospective applications 
including measuring auditory processing, dyslexia, neural plasticity, speech perception, 
phonologic and language processing, benefit of hearing aids and cochlear implants, and 
determination of foreign language and music abilities (Hall, 2007).  Additionally, by 
using speech stimuli, the MMN has the potential of enhancing the understanding of how 
humans begin to cognitively discriminate auditory speech stimuli.   
V. Controversy in the literature: Reproducibility of the MMN 
Unlike more commonly used auditory evoked responses such as the Auditory 
Brainstem Response (ABR), the latency of the MMN is very vague, and not exact (Hall, 
2007).  What actually defines and constitutes the MMN responses is controversial within 
the literature, and appears to differ between experiments.  Most often, the presence of the 
MMN is determined through visual inspection of the largest negative peak in the average 
!
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difference waveform within the given time window.  The majority of researchers have 
adopted this method to analyze the presence of the response (Pettigrew et al., 2004; Morr 
et al., 2002; Martynova, Kirjavainen & Cheour, 2003; :Leppanen et al., 2004; Singh et 
al., 2004; Kushnerenko et al., 2002).  Interestingly, despite the same method of 
identification, different latency ranges were accepted for each study.  As defined by 
various studies, the MMN was considered present if the most negative peak occurred 
during the following latencies; 100-220ms (Pettigrew et al., 2004), 100-400ms (Morr et 
al., 2002), 100-300ms (Martynova, Kirjavainen & Cheour, 2003), 150-450ms (Leppanen 
et al., 2004), 100-350ms (Singh et al., 2004), and 80-300ms (Kushnerenko et al., 2002).  
 In one research study however, the MMN was identified as the largest negative 
peak immediately following the N1-P2 complex of the Auditory Late Response (ALR), 
in the standard waveform only.  The time window for the MMN to occur in this study 
was 80-400ms. Additionally in this study, the presence of the MMN was determined 
through use of a point-by-point t-test.  In order for the responses to be considered present 
and significant, 12 continuous sampling points within the given time window were 
required (Tampas, Harkrider & Hedrick, 2005).  Although this method of analyzing the 
MMN is the least ambiguous and removes researcher bias, it cannot be applied to all 
subject populations.  
One population in particular is infants, as the existence of the N1-P2 complex in 
this population is uncertain.  Courchesne (1990, as cited in Shibasaki & Miyazaki, 1992) 
proposed that children younger than 10 years old do not exhibit the N1-P2 complex in 
response to speech sounds.  In addition, when present, the N1 response in adults 
corresponds to a positive peak occurring 85-120ms in infants, and the P2 response 
!
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presents as a negative deflection in infants between 200-240ms (Shibasaki & Miyazaki, 
1992).   
VI. Purpose/Rationale  
A large amount of information is known about the adult MMN, however, 
knowledge of the infant’s MMN is limited.  Of the few studies performed on children, the 
majority focused on the MMN in newborns and toddlers (Morr et al., 2002).  Information 
about the MMN in infants is lacking.  Additionally, few studies have directly compared 
the responses obtained in adults to those obtained in children.  
 The majority of MMN studies also use tonal stimuli to elicit the response.  Speech 
evoked MMNs, however, are extremely important to many fields including audiology 
and speech-language pathology as they provide access to the primary social function of 
the auditory system, speech perception (Digeser, Wohlberedt, & Ulrich, 2009).  Most 
often, synthetic speech sounds are used to assure consistency among speech 
characteristics such as duration, amplitude, and intensity.  Synthetic speech, however, is 
processed in the brain differently than natural speech.  When listening to natural speech, 
activity in the right secondary auditory cortex and the left dorsolateral precentral sulcus is 
increased compared to when listening to synthetic speech (Benson et. al, 2001).  The 
hesitation in using naturally recorded speech stimuli instead of synthetic speech most 
likely arises from the extreme inconsistency and variability of the responses elicited.  
Those that have used speech often use differing voice onset times (VOT), as that has 
allowed for the most successful and consistent speech recording (Digeser et al., 2009; 
Pang et al., 1998).  
!
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Independent of the stimulus used, the MMN has proven to be extremely variable 
both inter-subject and intra-subject.  The MMN has even been absent in some normal 
hearing and developing individuals (McPhearson, 1996).  For this reason, consistent and 
reliable recordings of the MMN are extremely difficult.  In a study by Pang et al. (1998), 
the MMN was elicited and successfully recorded in 8-month-old infants and adults with 
speech stimuli differing in VOT.  In this study, the MMN response in adults was 
observed at electrode sites Fz, Cz, C3 and C4, and was found to be the largest at sites Cz 
and C3.  In infants, however, the MMN response could only be observed at electrode 
sites C3 and T3.  Paired t-tests showed significant differences in the adult and infant 
MMN at C3, Cz, T3, Pz and T6.  These differences were believed to be the result of 
maturational changes in the MMN dipole orientation.   
 While significant and reliable findings have been found in response to VOT 
differences in adults and infants, inconsistent results have been reported when differing 
place of articulation.   Kraus et. al ( 1992) successfully recorded MMN responses in 
children (7-11 years old) and adults (17-29 years old) when changing place of articulation 
from /ga/ (standard) to /da/ (deviant).  On the contrary, other studies have been 
unsuccessful in obtaining MMN responses in adults to place of articulation (Pettigrew et. 
al, 2004; Wunderlich & Cone-Wesson, 2001).  Because of these discrepancies, 
standardizing parameters for clinical use of the MMN using speech stimuli is extremely 
difficult.  By determining whether differing place of articulation elicits MMN responses 
in infants and adults, speech parameters for the MMN will become more standardized, 
and the understanding of maturational effects on the MMN response will be significantly 
increased.  
!
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  One possibility for the conflicting results is the lack of carefully controlled stimuli.  
Thus, the purpose of this study is to verify the presence of the MMN in adults, and 
determine if infants show evidence of the MMN when manipulating the place of 
articulation for speech sounds   If there is evidence of the MMN in infants, we will test 
the following hypotheses:   
 1.  MMN amplitudes will differ between adults and infants.  
 2.  MMN latencies will differ between adults and infants. 
Due to the extreme variability and lack of consensus in the literature, it was felt there is 
not enough evidence for direction in the hypotheses.  Thus, a non-directional test will be 
used to determine if the differences between adult and infant amplitudes are significant, 
and if the difference between adult and infant amplitudes are different.   
It is also expected that: 
1. Adult MMNs will be present along the midline electrodes. 
2. Infant MMNs will be present along the lateral electrodes. 
 
 
 
 
 
 
 
 
 
 
Chapter 3 
!
METHODS 
I. Subjects 
As determined by a power analysis for a large effect (d=.8) and 80% power, 26 
subjects were to be tested per group.  Due to the nature of the study and the anticipated 
difficulty in recruiting subject, six normal hearing infants, age 10.5 months (+1 week), 
and 6 normal hearing adults, ages 21-25, were tested.  Subjects were recruited through 
word of mouth and advertising.  The age of 10.5 months, + 1 week, was chosen for 
infants based on a critical language development period.  By 10 months of age, almost all 
infants are producing /d/ in their babble, and some are producing /g/ (McCune & Vihman, 
2001; DePaolis, Vihman, & Keren-Portnoy, 2011).  Additionally, at 10 months old, 
infants can also behaviorally discriminate the difference between these two stops 
(Vihman, 1996).   
All subjects had normal hearing and were healthy without medical conditions.  
Normal hearing was determined for adults by pure tone behavioral thresholds !20 dB HL 
bilaterally at octave frequencies 250-8000 Hz.  All infants passed their Newborn Hearing 
Screening, and parents reported normal hearing at the time of testing.  Additionally, all 
infant and adult participants were either learning American-English or native American-
English speakers, and were all raised in households where English was the primary 
language. 
 
 
!
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II. Procedure 
Participants were tested in a dimly lit quiet room.  Adult subjects were seated in 
an armchair and asked to remain quiet and still throughout the duration of the test.  They 
were also asked to ignore the stimuli, and were given a choice of DVD movies to watch 
without sound (subtitles were provided).  The complete experiment consisted of 800 
trials, with a test time duration of 8 minutes.    
Infant subjects were seated on his/her guardian’s lap in an armchair.  The 
guardian was asked to remain quiet and still during the duration of the test.  Infants were 
silently entertained with puppets and a Baby Einstein Educational movie without volume, 
to keep him/her distracted.  Although the complete study consisted of 800 trials, the 
experiment was stopped early if the infant became discontent.  Five of the six infants 
completed the full 800 trials.    
III.  Stimulus 
All parameters used are summarized in table 2-1.  A total of 800 stimuli that 
differed in place of articulation were presented to both the adults and infants.  The 
standard stimulus /di/ occurred 80% (640 presentations), and the deviant stimulus /gi/ 
was presented 20% (160 presentations).  Natural speech stimuli were used, and were 
recorded from a young (24 year old) female English speaker.  The stimuli /di/ and /gi/ 
were chosen for the following reasons.  First, the amplitude of the MMN in response to 
speech is larger when the speech stimuli are familiar sounds.  By 10 months of age, 
English speaking infants have had substantial exposure to both /di/ and /gi/, and some 
infants can produce both (McCune & Vihman, 2001; DePaolis, Vihman, & Keren-
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Portnoy, 2011).  Another factor for choosing /di/ and /gi/ was based on the contrasting 
formant transitions and burst spectra.  In order to elicit a robust MMN response, the 
acoustic characteristics of the stimuli must be considerably different.   Burst spectra and 
formant transitions differ considerably between /di/ and /gi/, allowing the two sounds to 
have a large contrast in place of articulation.  
As illustrated in figure 2-1, the burst spectra of the alveolar stop /di/ had a greater 
intensity, and higher frequency content compared to the velar stop /gi/.  These acoustic 
differences are characteristics of speech stimuli that differ in place of articulation.    
Figure 2-1. Spectra of the stop bursts for the standard /di/ stimulus (red), and the  
deviant /gi/ stimulus (blue). 
 
 
 
As seen in figure 2-2 and 2-3, speech stimuli were controlled for duration and 
VOT.  Both the /di/ and /gi/ had a duration of approximately 250 ms.  The stimuli /di/ had 
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a duration of 250.8 ms, and /gi/ a duration of 249.9 ms. VOTs for each stimulus were 
matched at 10.0ms for /di/ and 12.2 ms for /gi/ (figure 2-4 and 2-5). 
Figure 2-2. Acoustic characteristics of the deviant /gi/ stimulus, presented with a  
probability of 20%. 
 
 
Figure 2-3.  Acoustic characteristics of the standard /di/ stimulus, presented with a  
probability of 80%. 
 
!
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Figure 2-4. 10.0 ms VOT of standard /di/  
 
 
Figure 2-5. 12.2 ms VOT of deviant /gi/ 
 
 
 Stimuli were recorded with the same vocal effort at a comfortable speaking level.  
The stimuli were presented bilaterally via ER-3A insert earphones at 65 dB SPL for the 
!
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infants, and 75 dB SPL for the adults. The intensity was reduced for infants to account for 
the smaller ear canal volume, resulting in a larger sound pressure level, as calibrated in a 
2 cc coupler.  Speech stimuli were calibrated using a Larson Davis System 824 sound 
level meter, .5 inch microphone, and a 2 cc-coupler.  The stimuli were presented through 
PC-based Stim2 software.  
IV. Recording and data analysis 
Infants were fit with the small infant NeuroSCAN cap containing 20 channels, 
and adults were fit with the adult NeuroSCAN cap containing 32 channels.  Only the 
front and lateral 6 electrodes were used for both infants and adults.  These electrodes 
included Fz, Cz, C3, C4, T7, and T8.  Electrode location was determined according to the 
international 10-20 system, and denoted by the NeuroSCAN caps.  Electrodes were 
referenced to the left earlobe, M2, and the ground was indicated on the caps between Fz 
and Cz.  Impedance of all electrodes remained at !10 k!, and inter-electrode impedances 
were within 2 k!. 
 Data were acquired through a PC-based NeuroSCAN 4.3 system.  Parameters 
included a 400 ms window, online filter of .1-30 Hz and interstimulus interval of 588.33 
ms.  Following data collection, waveforms were digitally filtered offline using a bandpass 
filter of 1-20 Hz.  Individual epochs were baseline corrected and artifact rejected using a 
criterion of +100 "V.  The waveforms recorded from the standard stimuli were then 
subtracted from the deviant stimuli waveform to produce the MMN response.   
 
 
!
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Table 2-1.  Stimulus and analysis parameters used in present study. 
Transducer ER-3A 
Intensity Adults:  75 dB SPL  
Infants:  65 dB SPL 
Stimulus Natural Speech: 
      - Standard: /di/ 
      - Deviant: /gi/ 
Frequency of Occurrence Standard /di/: 80% (640) 
Deviant /gi/: 20% (160) 
Duration of Stimulus Standard /di/: 249.9 ms 
Deviant /gi/: 250.8 ms 
Interstimulus Interval (ISI) 583.3ms 
Window 400 ms with 100 ms prestimulus 
baseline 
Filter (Online) 0.1-30 Hz 
Electrode Montage Fz, Cz, C3, C4, T7, T8 
Artifact Rejection + 100 uV 
Filter (Offline)  1-20 Hz 
 
Individual mean waveforms and difference waveforms were analyzed.  Individual 
mean waveforms were defined as the standard waveform alone, and the deviant 
waveform alone for each participant.  The difference waveform was defined as the 
subtracted waveform (standard-deviant waveform) for each participant.  Using a similar 
method proposed by Tampas et al., 2005, N1 and P2 were to be identified in the standard 
waveform as a reference for labeling the MMN within a given time period.  
Unfortunately, this method could not be applied to the current study for two reasons.  
!
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 First, according to the literature, it is believed that children do not present with 
N1-P2 complex to speech stimuli until after 10 years of age (#$%&'(')%!*!+%,'-')%.!
/00").  Second, due to the lack of consistent waveforms in adults and infants, N1 and P2 
were unable to be identified in the majority of waveforms, and thus were not used as 
references.  Instead, the MMN was defined as the largest point of negativity in the 
individual waveforms within the predetermined time period of 100 ms-400 ms.  Point-by-
point independent t tests were performed analyzing the amplitude of six consecutive 
sampling points surrounding the point of maximum negativity in the standard waveform 
to the same six consecutive sampling points in the deviant waveform.   
 In order to be considered an MMN response, the six consecutive points had to be 
significant using the criterion p< .05 level for an independent two-tailed t-test.  
Amplitude was calculated for significant waveforms using a method commonly 
performed in the literature.  In this method, the amplitude was measured by averaging the 
amplitudes over the duration of the MMN response (six consecutive sampling points) in 
the difference waveform.  For each participant, the electrode with the largest and 
strongest response was chosen for analysis of the MMN waveform.  Unlike most studies, 
the methods described above allow a significant MMN to appear as either a positive or 
negative response.  
Chapter 4 
 
RESULTS 
I. Overview 
In the present study, several questions were to be addressed.   The first was to 
verify the presence of the MMN in adults to changes in place of articulation.  A second 
was to determine if infants show evidence of the MMN when manipulating the place of 
articulation for speech sounds.  Finally, we evaluated the differences between adult and 
infant MMN responses.  These questions were answered by eliciting MMN responses in 
adults and infants when manipulating place of articulation.  Adult and infant MMN 
responses were then compared for latency and amplitude.  Location of the most robust 
response was also observed.  Data were analyzed using MATLAB
TM
 and SPSS.   
II. Verification of MMN in adults 
 Two waveforms were recorded for each participant at each electrode.  As seen in 
figure 3-1, one waveform is the response to the standard stimulus, and the second 
waveform is the response to the deviant stimulus. The MMN was defined as the largest 
point of negativity in the individual waveforms within the predetermined time period of 
100ms-400ms.  In order to remove ambiguity and researcher bias, a strict criterion was 
used to determine the presence of the response.  Point-by-point independent t tests were 
performed analyzing the amplitude of six consecutive sampling points surrounding the 
point of maximum negativity in the standard waveform to the same six consecutive 
sampling points in the deviant waveform.   In order to be considered an MMN response, 
the six consecutive points had to be significant using the criterion p< .05 level for a two-
!
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tailed t-test.   
 
Figure 3-1.  Individual waveforms for the standard /di/ (green) and deviant /gi/  
 
(blue) for adult subject 6 at electrode Cz.  A point by point t-test for 6 consecutive time  
 
points between the standard and deviant waveforms was significant at the p<.05 level  
 
from 240-260ms.   
 
                                          Error Bars: + 1 Standard Error 
 
 Using this method, a significant MMN response was recorded in four of the six 
adults studied.  Individual standard and deviant waveforms for one adult with a 
significant response is displayed in figure 3-1 (above).  The three remaining adult 
significant individual waveforms are displayed in the appendix.  As shown in table 3-1, a 
!!
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point-by-point independent t test showed significance at the p< .05 level for six 
consecutive sampling points for the four adults whom all showed presence of the 
response. The four adult significant difference waveforms are displayed in figure 3-2. 
 
Figure 3-2.  Difference waveforms for 5 adult subjects with significant responses.   
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 Table 3-1.  Adult MMN independent t-test significance values.  
Subject # Electrode 
Location 
Latency range 
(ms) 
Latency Point 
(ms) 
P-value 
 (<.05) 
112 .025 
116 .010 
120 .019 
124 .023 
128 .009 
 
 
 
3 
 
 
 
Fz 
 
 
 
112-132 
132 .011 
     
240 .012 
244 .007 
248 .008 
252 .011 
256 .013 
 
 
 
6 
 
 
 
Cz 
 
 
 
240-260 
260 .018 
     
336 ..003 
340 .002 
344 .002 
348 .001 
352 .001 
 
 
 
8 
 
 
 
Cz 
 
 
 
336-356 
 
356 .001 
    
 
348 .042 
352 .029 
356 .027 
360 .028 
364 .030 
 
 
 
 
5 
 
 
 
 
 
Cz 
 
 
 
 
348-368 
368 .030 
 
 Adult MMN peak latencies ranged from 124ms- 360ms, with a group mean peak 
latency of 271ms.  Amplitude was calculated using a method commonly performed in the 
literature  (Tampas et al., 2005; Pettigrew et al., 2004; Martynova et al., 2003; Kraus et 
al., 1992).  In this method, the amplitude was measured by averaging the amplitudes over 
the duration of the MMN response.  In this study, the duration consisted of the 6 
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consecutive sampling points that were significant.  Adult MMN average amplitudes 
ranged from .98-2.49µV, with a group mean amplitude of 1.86µV.  The four adults 
showed significant MMN responses along the midline at Cz and Fz.  In two adult 
subjects, a significant response could not be obtained at any electrode location.  
III. Identification of MMN in infants 
The MMN was identified in the infant population using the same method as 
described in the adult section.  The standard and difference waveforms for one infant 
subject with a significant response are shown in figure 3-3.   
 
 
 
 
 
 
 
 
 
 
 
!
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Figure 3-3.  Individual waveforms for the standard /di/ (green) and deviant /gi/ 
(blue) for infant subject 4 at electrode C4.  A point by point t-test for 6 consecutive time 
points between the standard and deviant waveforms was significant at the p<.05 level 
from 260-280ms.   
 
                                       Error Bars: + 1 Standard Error  
 
Using the same method that was used in the adults, a significant MMN response 
was recorded in four of the six infants studied.  Individual standard and deviant 
waveforms for the remaining three infants with significant responses are displayed in the 
appendix.  As seen in table 3-2, a point-by-point independent t test showed significance at 
the p< .05 level for six consecutive sampling points for the four infants whom showed 
__ standard /di/ 
__ deviant /gi/ 
!
$$!
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presence of the response.  The four significant infant difference waveforms are displayed 
in figure 3-4.   
  Figure 3-4. Difference waveforms for 4 infant subjects with significant responses.   
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Table 3-2.  Infant MMN independent t-test significance values.  
Subject # Electrode 
Location 
Latency Range 
(ms) 
Latency Point  
(ms) 
P-value 
 (< .05) 
108 .040 
112 .040 
116 .033 
120 .024 
124 .023 
 
 
 
3 
 
 
 
C4 
 
 
 
108-128 
128 .033 
     
328 .030 
332 .035 
336 .035 
340 .024 
344 .020 
 
 
 
6 
 
 
 
Fz 
 
 
 
328-348 
348 .020 
     
260 .016 
264 .009 
268 .006 
272 .007 
276 .012 
 
 
 
4 
 
 
 
C4 
 
 
 
260-280 
280 .018 
     
192 .019 
196 .024 
200 .032 
204 .033 
208 .034 
 
 
 
7 
 
 
 
C3 
 
 
 
192-212 
212 .034 
 
 
Infant latencies ranged from 116ms- 340ms, with a group mean peak latency of 
233ms.  Infant amplitudes were calculated using the same method used to determine the 
adult MMN amplitudes.  Average infant MMN amplitudes ranged from 1.17- 4.12!V, 
with a group mean average of 2.32!V. 
!
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Of the four infants with responses, three infants showed significant MMN 
responses along the lateral electrode sites C3 and C4.  One infant had a significant MMN 
at the midline electrode site Fz.  A significant MMN response could not be recorded from 
two of the infants at any electrode location. 
IV. Adult and Infant MMN Response Comparisons 
 The following hypotheses were tested:   
 1.  MMN amplitudes will differ between adults and infants.  
 2.  MMN latencies will differ between adults and infants. 
 
 Due to the extreme variability and lack of consensus in the literature, it was agreed 
that there was not enough evidence for direction in the analysis of the results.  Thus, two-
tailed independent t-tests were calculated using the criterion p<.05 level to determine if 
amplitude and latency differed significantly between groups.  
 
Additionally, the following two hypotheses were expected to be observed: 
1.  All adults will have a present and robust MMN response at the midline 
electrodes. 
2.  All infants will have a present and robust MMN response at the lateral 
electrodes. 
 
 
 
 
!
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V. Testable Hypotheses Results: 
1. MMN amplitudes will differ between adults and infants.  
Adult MMN average amplitudes ranged from .98-2.49µV, with a group mean amplitude 
of 1.86µV.  Infant MMN average amplitudes ranged from 1.17- 4.12!V, with a group 
mean average of 2.32!V.  A significant difference between adult and infants was not 
measured for amplitude at t(6)=-.636, p= 0.548, with a small effect size (Cohen’s d=  
.38). 
 
2. MMN latencies will differ between adults and infants. 
 Adult MMN latencies ranged from 124ms- 360ms, with mean peak latency 271ms.  
Infant MMN latencies ranged from 116ms- 340ms, with mean peak latency 232ms.  A 
significant difference between adult and infants was not measured for latency at 
t(6)=.523, p= 0.620, with a medium effect size (Cohen’s d= .52). 
 
VI. Expected Hypothesis Results 
1. All adults will have a present and robust MMN response at the midline electrodes. 
2. All infants will have a present and robust MMN response at the lateral electrodes. 
All four adults who presented with a MMN had a significant response along the 
midline at Cz or Fz..  Two adults showed no significant response at any electrode 
location.  Of the four infants with responses, three infants showed significant MMN 
responses along the lateral electrode sites C3 and C4.  One infant had a significant MMN 
at the midline electrode site Fz.  
 
!
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VII. Summary 
 A significant MMN response was observed in 4 of 6 adults, and 4 of 6 infants.  
Neither mean amplitudes nor mean latencies differed significantly between the adult and 
infant groups.  Finally, over half the adults (4/6) had a significant MMN response at the 
midline electrodes, and half the infants (3/6) had a significant MMN response at the 
lateral electrodes.   
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 5 
DISCUSSION 
 The purpose of this study was to evaluate the differences in amplitude and latency 
between adult and infant MMN responses when manipulating place of articulation for 
speech sounds.  Additionally, this study sought to determine if all adults showed presence 
of a significant MMN response along the midline electrodes, and if all infants showed 
presence of a significant MMN response along the lateral electrodes.   
 In order to analyze the differences, an experimental design was created to verify the 
presence of the MMN in adults, and determine if infants showed evidence of the MMN.  
The null hypotheses under test were that there would be (1) no difference between adult 
and infant MMN amplitudes and (2) no difference between adult and infant MMN 
latencies.  In addition, two expected hypotheses were that (1) all adults would have robust 
MMN responses along the midline electrodes, and (2) all infants would have robust 
MMN responses along the lateral electrodes.  
I. Amplitude 
The amplitude findings in this study are somewhat consistent with the literature.  
According to the literature, the amplitude of the MMN typically ranges from .5-5 !Volts 
in adults (Duncan, et al., 2009).  A normative amplitude range for infants could not be 
identified in the literature.  Although the literature is inconsistent, some studies indicated 
that the amplitude of the MMN is smaller in infants, and increases with age.  Most 
studies, however, referenced newborn infants, not 10-month old infants.  According to 
Cheour (2000), amplitude rapidly increases from 6 to 12 months of age, and by school 
age, children’s responses are larger than adult’s.  Perhaps infant responses at 10 months 
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of age are larger than adult responses due to the rapid maturation in the brain, however, 
due to the lack of study on 10 month old infants, our findings appear to conflict with the 
literature.  
Our findings are in agreement with normative amplitude range.  The adult group 
had an amplitude range of .98-2.49 µV, with a group mean amplitude of 1.86 µV.  
Average infant MMN amplitudes ranged from 1.17- 4.12 !V, with a group mean average 
of 2.32!V.  Differences between adult and infant amplitudes conflicted with some 
previous research. In the present study, the infant group had a larger amplitude range, and 
larger mean group average amplitude compared to the adult group. While the mean 
amplitude between adult and infant groups differed, the difference was not significant.      
Lack of a significant difference between adult and infant amplitudes could be due 
to a number of reasons.  These include extremely small sample size of significant 
responses (n=8), excessive myogenic artifact, inability to monitor patient’s state of 
attention, overlap between adult and infant amplitude responses, and inconsistent nature 
of the MMN response.   
In the current study, of the 12 subjects, only 8 had a significant MMN response (4 
adults, 4 infants).  Increasing sample size could have ultimately increased the frequency 
of significant MMN responses occurrence per group, and thus decreased the variability 
within group responses. With increased response frequency and decreased variability 
within each group, chances of finding a significant difference between group amplitudes 
could have been greater.  In addition, the results could then be generalized to the greater 
population.  
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  Although artifact was rejected if it exceeded +  100 !V, not all myogenic artifact 
could be successfully rejected.  One such artifact is that caused by eye blinks.  Eye blink 
electrodes could not be used on infant subjects due to the inability of the infants to 
tolerate electrodes taped above and below the eye.  In order to maintain consistency 
between the infant and adult methods of recording the response, eye blink electrodes 
were not used on the adult subjects either.  As a result, eye blinks could not be 
automatically discarded, and instead were discarded manually.  This led to the potential 
for smaller eye blinks to be mistaken as responses to the stimuli. 
The infant’s excessive movement caused additional artifact.  While artifact was 
rejected if it exceeded +  100 !V, voltages less than +  100 !V were considered a 
response, even though it could have been myogenic artifact.  The raw data was manually 
artifact rejected following the automatic artifact rejection, however, some voltages could 
have been considered an inaccurate response. 
Another factor could be state of attention and consciousness.  It has been reported 
that state of attention and level of consciousness affects the adult’s responses, while it 
does not affect the infant’s response (Cheour, 2007).  According to the literature, 
drowsiness and/or sleep states significantly decreases the MMN response in adults.   
Since state of attention and level of consciousness could not be monitored, adults could 
have been drowsy or in a stage-1 sleep-like state, resulting in overall decreased 
amplitude.  Adult amplitudes have been measured from .5-5 !V (Duncan et al., 2009), 
and infants are reportedly smaller; however amplitude ranges for infants is not apparent 
in the literature.  It can be assumed that adult amplitudes and infant amplitudes overlap to 
some extent, causing a difference to not be significant.    
!
"#!
Lastly, the MMN response is known to be inconsistent and highly variable 
between subjects.  In addition, the small sample size most likely increased the variability 
of the responses.  Due to this, any one subject’s amplitude could have been considered an 
outlier, ultimately skewing the data and affecting the mean amplitude.    
II. Latency: 
 The present study was somewhat in agreement with the latency range patterns for 
the MMN in both adults and infants.  According to the literature, adult MMN latencies 
should fall in the range of 100-250 ms (Duncan, et al., 2009; Pang et al., 1998; Cheour, 
2007), or 100-300 ms (Hall, 2007).  In the present study, adult latencies ranged from 
124ms-360 ms.  Although the adult group latency range was prolonged compared to 
normative data, the adult mean latency was 271 ms.  
 Additionally, the infant latency findings in this study support previous research on 
infants.  In reviewing the literature, infant MMN latencies peak between 100-300 ms 
(Duncan, et al., 2009; Pettigrew et. al, 2004; Cheour, 2007), and have even been reported 
to occur at 300-400 ms (Cheour, 2007).  In the current study, infant latencies ranged from 
116 ms- 340 ms, with a group mean peak latency of 232 ms.  When comparing adult 
latencies to infant latencies, the results of the present study have not previously been 
described.  As reported in the literature, infant latencies are often prolonged compared to 
adult latencies, and decrease as age increases.   
Lack of a significant difference between adult and infant latencies could be due to 
a number of reasons.  These include small sample size of significant MMN responses 
(n=8), inability to monitor patient’s state of attention, overlap between adult and infant 
latency ranges, and inconsistent nature of the MMN response.   
!
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First, the small sample size resulted in a large variability in MMN latencies within 
each group.  By increasing sample size, frequency of significant MMN occurrence per 
group could have increased, and thus decreased the variability within group responses. 
With increased response frequency and decreased variability within each group, chances 
of finding a significant difference between group latencies could have been greater.  In 
addition, the results could have then been generalized to the wider population.  
Next, similar to the affect state of attention and consciousness have on the adult’s 
amplitude, they also have a significant effect on the latency of the response.  According 
to the literature, drowsiness and stage-1 sleep cycles increase the latency of the adults 
response.  Again, sleep does not have an effect on infant latencies (Cheour, 2007).  Since 
state of attention and level of consciousness could not be monitored, adults could have 
been drowsy or in a stage-1 sleep-like state, resulting in overall prolonged latency.   
Another explanation for the lack of significance between the latency could be due 
to an overlap in the latency ranges between adults and infants.  In general, adult latencies 
range from 100-300 ms, and infants range is reportedly prolonged to 400 ms.  Given the 
literature, it is clear that adult and infant latencies overlap to some extent.  This could 
possibly affect the significance, causing it to be an insignificant difference.      
Lastly, the MMN response is known to be inconsistent and highly variable 
between subjects.  In addition, the small sample size most likely increased the variability 
of the response latencies.  Due to this, any one subject’s latency could have been 
considered an outlier, ultimately skewing the data and affecting the mean latency.    
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III. Electrode Location: 
Our findings are somewhat consistent with previous studies.  According to the 
literature, the MMN response is fronto-centrally dominated, showing the largest 
responses along the midline in adults, and as the response is recorded more laterally, the 
amplitude of the MMN is significantly diminished (Duncan, et al., 2009).  In infants, the 
MMN has a much broader scalp distribution (Cheour, 2007), with the most robust 
responses recorded centro-parietally (Morr et al., 2002).  Additionally, it has been 
reported that poor responses are obtained when recording at or around the midline in 
infants (Pang et al., 1998).  
In the current study, all four adults with significant responses showed significant 
MMN responses along the midline at Cz and Fz.  Two adults did not have a significant 
response at any electrode location.  Of the four infants with responses, three infants 
showed significant MMN responses along the lateral electrode sites C3 and C4.  One 
infant had a significant MMN at the midline electrode site Fz.  Findings of the current 
study are somewhat consistent with the literature.   
Although some adults showed significance at the midline, a significant MMN 
could not be obtained from all six adult subjects at the midline.  Similar findings were 
obtained in the infant population.  While infants showed significance at the lateral 
electrodes, significant MMN responses could not be obtained from all six infants at the 
lateral sites. 
There are many factors that could have caused the discrepancies between the 
expected hypotheses and the actual observed results.  These include possible inaccurate 
electrode placement due to poorly fitting caps, different rates of development and brain 
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maturation in the infant population, excessive myogenic artifact from infant responses, 
eye blink artifact, inability to monitor subject’s attention, strict criteria for defining 
significant MMN, and inconsistent nature of the MMN response. 
Due to the limitations in the cap sizes, subjects were not all fit with caps that were 
perfectly fit to his/her individual head.  The adults had a choice of cap size small or 
medium, and the infants had a choice of the infant, or toddler cap.  Although caps were 
visually inspected to ensure correct placement after placement on the subject’s head, 
there was no way to monitor how accurately the cap electrodes fit compared to the 
subject’s physical electrode locations.  
In the infant population, developmental and increased brain maturation rates 
could have caused the response to mature more quickly in some subjects.  Faster brain 
maturation could possibly explain why one infant had the response along the midline 
electrode rather than the lateral electrodes.  Another factor could be due to excessive 
myogenic artifact from the infant population, and inability to automatically reject eye 
blink artifact.  As a result, the data was highly variable.  This in turn increased the 
standard error, ultimately decreasing the significance between the standard and deviant 
responses.   
Another factor for the discrepancies could again be related to inability to monitor 
patient’s state of attention and level of consciousness in the adult population.  If an adult 
subject was in a stage-1 sleep-like state, the MMN amplitude could have been 
significantly reduced to the point where it appeared no existent.  An additional cause for 
the incongruity could be by reason of the strict MMN criterion for determining 
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significance.  Had the MMN response been determined using the method most often 
performed in the literature, visual inspection, an MMN response would most likely be 
present for all subjects.  Lastly, the subjects tested may not have had an MMN present at 
all due to the inconsistency of the MMN response within normal hearing subjects.  
IV. Limitations of the Study 
 As with all studies, the current research had several limitations.  These limitations 
included small sample size, extreme variability in the consensus of how to analyze the 
MMN data, strict criterion for defining MMN significance in the current study, inability 
to monitor subject’s state of attention and level of consciousness, high artifact due to 
excessive myogenic artifact and lack of eye blink electrode, and lastly, the nature of the 
inconsistent MMN response.  The implications of the aforementioned limitations have 
been previously described in great detail.     
V. Summary and Conclusion 
 This study was performed to evaluate the differences in amplitude and latency 
between adult and infant MMNs when manipulating place of articulation for speech 
sounds.  Additionally, this study sought to determine if all adults showed presence of a 
significant MMN response along the midline electrodes, and if all infants showed 
presence of a significant MMN response along the lateral electrodes.  Statistical analysis 
of mean data showed significant MMN responses for 4 of 6 adults, and 4 of 6 infants.  A 
significant difference could not be determined between the adult and infant group for 
mean amplitude, nor mean latency.  All 4 adults showed significant responses present at 
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the midline electrodes.  Of the 4 infants with responses, 3 infants had significant 
responses at the lateral electrodes, and one had a significant response along the midline. 
 These results confirm that the MMN is highly variable, inconsistent, and still very 
much in the beginning stages of development.  In agreement with previous research, the 
MMN appears as a negative deflection between 100-400ms, and ranges in amplitude 
from .5-5 !V.  The differences between adult and infant MMNs in this study, however, 
conflict with previous research.  In the current study, adult and infant amplitudes and 
latencies did not differ significantly.  Additionally, infants as a group had a larger 
amplitude, and a shorter latency than the adult group.  A significant response was not 
present for all adults along the midline, and was not present for all infants along the 
lateral electrodes.  Interestingly, the present study confirmed presence of the MMN to 
changes in place of articulation in some, but not all subjects tested (8/12 subjects). 
 There are many future studies that could develop from the current research.  One 
such study could further evaluate how speech development affects the MMN through a 
longitudinal study.  In the proposed study, new questions could be addressed which 
include how the MMN changes as speech develops and how MMN responses using 
speech stimuli correlate to current babble produced by the infant.  Such a study would 
further enhance the understanding of language development and brain maturation in 
infancy.  This awareness may assist in identifying language delays in early infancy prior 
to language development; thus, could significantly change clinical management and early 
intervention of speech and language disorders.    
!
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Before the MMN can be used for clinical use, concise analysis technique, 
consistent normative values, and ability to decrease the high variability in the response 
must be developed.  Although the MMN is currently highly variable and inconsistent, it’s 
potential should be valued and further explored. 
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*+,-./!01!!! Individual waveforms for the standard /di/ (blue) and deviant /gi/  
 
(green) for adult 3 at electrode Fz.  A point by point t-test for 6 consecutive time  
 
points between the standard and deviant waveforms was significant at the p<.05 level  
 
from 112-132 ms.   
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$%&'()!*+! ! Individual waveforms for the standard /di/ (green) and deviant /gi/  
 
(blue) for adult 5 at electrode Cz.  A point by point t-test for 6 consecutive time  
 
points between the standard and deviant waveforms was significant at the p<.05 level  
 
from 348-368 ms.   
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$%&'()!*+! Individual waveforms for the standard /di/ (green) and deviant /gi/  
 
(blue) for adult 8 at electrode Cz.  A point by point t-test for 6 consecutive time  
 
points between the standard and deviant waveforms was significant at the p<.05 level  
 
from 336-356 ms.   
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$%&'()!"*! ! Individual waveforms for the standard /di/ (blue) and deviant /gi/  
 
(green) for infant 3 at electrode C4.  A point by point t-test for 6 consecutive time  
 
points between the standard and deviant waveforms was significant at the p<.05 level  
 
from 108-128 ms.   
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$%&'()!*+! Individual waveforms for the standard /di/ (green) and deviant /gi/  
 
(blue) for infant 7 at electrode C3.  A point by point t-test for 6 consecutive time  
 
points between the standard and deviant waveforms was significant at the p<.05 level  
 
from 192-212 ms.   
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$%&'()!*+! Individual waveforms for the standard /di/ (green) and deviant /gi/  
 
(blue) for infant 6 at electrode Fz.  A point by point t-test for 6 consecutive time  
 
points between the standard and deviant waveforms was significant at the p<.05 level  
 
from 328-348 ms.   
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APPENDIX B 
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